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Abstract: Tensile and fatigue properties of as-rolled and annealed polycrystalline Cu 
foils with different thicknesses at micrometer scale are investigated. Uniaxial tensile 
testing shows that with decreasing foil thickness the uniform elongation decreases for 
both as-rolled and annealed foils, while the yield strength and ultimate tensile strength 
increase for as-rolled foils, but those decrease for the annealed foils. For both the 
as-rolled or annealed foils, bending fatigue resistance decreases with decreasing the 
foil thickness. Deformation and fatigue damage behavior of the free-standing foils 
were characterized as a function of foil thickness. In addition, the fatigue strength of 
various small-sized Cu foils was compared to understand the physical mechanisms of 
size effects on mechanical properties of the metallic material at micrometer scales.  
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A better understanding of mechanical properties of metal materials at micrometer 
scales is essential to ensure the reliability of micro-sized components used in many 
micro- and nano-systems such as micro-electro-mechanical systems (MEMS) [1-3]. In 
recent years, a number of studies have been conducted to investigate the size effects 
on tensile and fatigue behaviour of metals, with a focus on geometric dimensions 
ranging from hundreds of micrometers to tens of nanometers. In general, two types of 
small-scale materials were extensively investigated, i.e. free-standing metal 
foils/wires [4-18] and confined metal films by a substrate [19-25]. For the metal films 
constrained by a substrate, it has been well recognized that the thinner of the film 
thickness, the higher of the strength and fatigue resistance [19, 20, 23-25]. Such size 
effect was physically attributed to the strong confinement of dislocation motion by 
film/substrate interfaces and suppression of cyclic strain localization in the films [21, 
22].  
In contrast to the confined metal films in which dislocation movement is strongly 
constrained by the film channel and the film/substrate interface, dislocations in 
free-standing foils or wires can glide freely out of the surface. Therefore, it is believed 
that the free-standing materials with micrometer-scale dimensions should exhibit 
different size effects from the film confined by a substrate. However, recent 
investigations on size effects on fatigue properties of free-standing metal foils/wires 
showed some controversial results. Hofbeck et al [4] found that under stress control 
fatigue strength of Au and Cu wires with diameter of several micrometers increases 
with decreasing wire diameter. Judelewicz et al. [5] found that thinner Cu foils with 
the grain size comparable with the foil thickness have higher fatigue life 
corresponding to the same stress amplitude [5]. Similarly, Allameh et al. [12] found 
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that the thinner the LIGA Ni foils, the longer the fatigue life and the increased 
endurance limits under stress control condition. On the contrary, Weiss et al. reported 
that fatigue life of micrometer-scale Cu wires under symmetrical cyclic loading 
decreases with the wire diameter [9]. Khatibi et al. conducted strain-controlled fatigue 
experiments of micrometer-scale Cu wires, and also found a reduced fatigue life for 
the thinner wires with a diameter of 10 um and a similar grain size-to-diameter ratio 
[13]. 
In this work, to elucidate size effects on mechanical properties of the 
free-standing metal films, we investigated the tensile and fatigue behaviour of 
as-rolled and annealed Cu foils with different thicknesses. Based on the experimental 
results, size effects in the free-standing Cu foils at micrometer-scale was discussed.  
 
2. Experimental 
As-rolled Cu foils with a purity of 99.95% and different thicknesses (20, 50, 100 
and 190 μm) were prepared and some of them were annealed in vacuum for 2 hours at 
450 C.   The tensile test was conducted using dog-bone shape specimens with a 
width of 3 mm and a gauge length of 6 mm . The test were performed using an 
Instron
®
 Electroplus E1000 testing machine at room temperature under different strain 
rates (1.2 ~ 2.4 ×10
−3
 s
−1
). Tensile direction was parallel to the rolling direction (RD) 
of the foils.  
 
Fatigue test was conducted using small cantilever beams with dimensions of 3 
mm in width and 10 mm in length. They were electropolished to obtain smooth 
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surfaces. The beam specimens were cyclically loaded through symmetric bending (50 
Hz). To maintain a constant deflection, a home-built electromagnetically-driven 
apparatus was used, as shown in Fig. 1(a). The bending deflection was monitored 
using a micrometer with a resolution of 10 μm. The fatigue life can be determined by 
monitoring the variation of electrical resistance with fatigue cycles (N) using a digital 
multimeter (Agilent, 34410A) with a resolution of 10
-4
 . Figure 1(b) schematically 
shows the variation of relative electrical resistance under cyclic bending load, i.e., 
%100
0
01' 


R
RR
R , where R1 is the transient resistance and R0 the initial resistance.  
It can be seen that the initial R

 is rather low and stable when N<10
5
. With further 
increase of N (>1.13105), R increases abruptly to infinite, indicating fatigue failure 
occurs and the number of cycles can be recorded as the fatigue life (Nf). Owing to the 
symmetrically-reversed bending load applied, both the top and bottom surfaces of the 
beam specimens are actually subjected to identical tension-compression strain.  
 
3. Results and Discussion 
3.1. Microstructures 
Electron Backscattering Diffraction (EBSD) examination shows that the 
as-rolled foils are highly textured, in particular in the thinner foils. Fig. 2(a) presents a 
typical EBSD map of the as-rolled 190 μm-thick Cu foil. Most grains exhibit typically 
elongated pan caked-shape along the rolling direction and are highly anisotropic, 
featured as low angle grain boundaries (GBs). The mean width of the elongated grains 
along transverse direction (TD) of the as-rolled 20 μm-thick Cu foils is 8.78 μm with 
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a standard deviation of 13.2 μm, while that of the 190 μm-thick foil is 9.49 μm with a 
standard deviation of 6.5 μm. The larger variation of the grain width along TD reveals 
the effects of rolling process on the rolled foils become more severely with increasing 
rolling passes. In comparison, all annealed Cu foils have almost the similar equiaxial 
grain microstructure and grain size distribution, as shown Fig. 2(b). The mean grain 
sizes of all annealed Cu foils with three different thicknesses are between 6 μm and 8 
μm.  
 
3.2 Tensile strength and plasticity 
Figure 3(a) shows that yield strength (y) and ultimate strength (U) of as-rolled 
foils increase, while uniform tensile elongation (U) decreases with decreasing foil 
thickness. In contrast, y, U and U of the annealed foils all decrease with decreasing 
foil thickness, as shown in Fig. 3(b). The values of y and U of the annealed foils are 
much lower than those of the as-rolled foils, while the value of U is far larger than 
that of the as-rolled foils.  
The above results reveal an evident difference in the effect of foil thickness on 
strength and plasticity between the as-rolled and annealed Cu foils. Plasticity of all 
foils decreases with the foil thickness no matter the films are as-rolled or annealed. 
However, the variation of yield and ultimate strengths with the foil thickness is quite 
different in the as-rolled and annealed foils. The first needs to be examined is the 
possible change of grain size and distribution with the foil thickness, such as these in 
the thin foils (20 μm) and the thick ones (190 μm). To this end, the thickest as-rolled 
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foils (190 um) were thinned to 30, 70, 100 m thick via electrochemical polishing 
rather than rolling. In this way, the grain size was kept as constant in these foils with 
different thicknesses. Then, a series of tensile tests were conducted in these foils. The 
strength and elongation of these as-rolled foils as a function of foil thickness is shown 
in Fig. 3(c). It is clear that the thinner the foil thickness, the lower the strength. This is 
exactly what has been observed in the annealed foils. Considering that both the 
annealing and polishing can play a similar role in removing the dislocations, the 
increase of strength with decrease of foil thickness in the as-rolled foils (Fig. 3(a)) can 
be attributed to a higher dislocation density in a thinner foil. 
 
For the as-rolled foils, both the 20 μm (Fig. 4(a)) and 190 μm (Fig. 4(b)) thick 
as-rolled foils show knife-edge fracture morphologies, but the difference is that the 
surface of the 20 μm-thick foil close to fracture zone is much smoother than that of 
the thicker foil. The significant slip bands appeared and stopped at the rolling-induced 
elongated GB in the 190 μm-thick foil, while only slight slip traces appeared in the 20 
μm-thick foil. These slip bands in the elongated grains have an almost same direction, 
which is approximately perpendicular to the tensile stress. It is believed that much 
more dislocations produced by severe deformation in the thinner foil may lead to the 
increase in y, U and the reduction of U. The less slip bands and the increasing 
sensitivity to slip band-induced notch effect may also contribute to the lower U of the 
thinner foil, as observed in Fig. 2(a).  
In the annealed foils, extensive slip lines (multiple slip systems) appeared inside 
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the grains and the regions close to GBs became very rough, as shown in Figs. 4(c) and 
(d) for annealed 50 μm and 190 μm-thick foils, respectively. In the thicker annealed 
foil, more grains and GBs are distributed along the through-thickness direction in a 
thicker foil as compared to a thinner one. Thus, more grains can contribute to the 
tensile deformation and lead to uniform elongation in a thicker foil. Another possible 
reason is considered as that a thinner foil is more sensitive to surface defects/flaws for 
premature failure.  
Different from the significant increase in strength observed recently in metal 
samples at submicron or nanometer scale, such as micropillars [26, 27], as 
demonstrated in the work, the strength of the metal foils at the micrometer scale under 
homogenous deformation deceases gradually with the foil thickness. At the submicron 
or nanometer scale, higher strength is associated with the lack of dislocation source, 
namely dislocation starvation [26]. However, the results reported in literatures 
[9,12,14,16] and the present findings all suggest that at the micrometer scale, the 
dislocation mobility and the sensitivity to a flaw are among the dominant factors in 
controlling the strength and plasticity. 
 
3.3 Fatigue properties 
For the present dynamic bending fatigue of the cantilever beam, due to the large 
deflection, stress and strain of at the fixed end can not be evaluated by the elastic 
beam theory. Finite element analysis (FEA) was used and the actual stress-strain 
curves obtained from the tensile tests were used as the materials constitutive laws. 
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Large deformation effect was also taken into account in the FEA. The actual 
maximum strain of the fixed end was evaluated corresponding to the maximum 
deflection measured by the micrometer.   
 
Figures 5(a) and (b) present the relation between the applied cyclic strain 
amplitude and the number of cycles to failure for the as-rolled and annealed foils, 
respectively. Even though the data scatter was observed, a curve fitting of /2 ~ Nf 
with 95% confidence limits (dash lines) show a general trend that corresponding to a 
given cyclic strain amplitude, the number of cycles to failure (fatigue life) of both 
as-rolled foils and annealed foils decreases with decreasing the foil thickness. This 
means that the fatigue resistance is very sensitive to the foil thickness. For the 
as-rolled foils, the difference in the fatigue life between the 100 m and 190 m-thick 
annealed foils is very little. Under the same cyclic strain amplitude, fatigue life of the 
annealed foils are much greater (almost three times ) than that of the as-rolled foils.. 
 
SEM micrographs of fatigue damage behavior of the as-rolled 50 μm and 190 
μm-thick foils close to fracture zones are shown in Figs. 6(a) and (b), respectively. For 
the as-rolled 50 μm-thick foil, fatigue extrusions/intrusions were formed at the foil 
surface, and cracks initiated from extrusions/intrusions. For the 190 μm-thick foil, 
cracks also originated from extrusions/intrusions. SEM micrographs of fatigue 
damage behavior of the annealed 50 μm and 190 μm-thick foils close to fracture 
zones are shown in Figs. 6(c) and (d), respectively. One can see that extensive slip 
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deformation occurred inside grains of both foils. Close observations show that besides 
along the extrusions/intrusions cracks also initiated at GBs which were impinged 
severely by extensively-activated slip bands, and grew along GBs.  
In present study, the foil surface at the fixed end of the beam is subjected to the 
maximum cyclic stress and strain, which gradually decrease along the beam length 
direction from the fixed end. This can be evidenced by the variation of dislocation 
structures with changing the local strain amplitude, which was characterized by ECC 
images shown in Fig. 7. Under the large enough cyclic strain amplitude close to the 
fixed end of the beam, dislocation cells with a size of about 0.5 μm have developed 
inside grains shown in Fig. 7(a). With the decrease in the local cyclic strain amplitude 
along the beam, dislocation walls with spacing were formed within grains (Fig. 7(b)). 
When the local strain amplitude decreases further, vein structures became prevailed, 
as shown in Fig. 7(c).  
 
From the above examination of fatigue properties of the Cu foils, a clear size 
effect on fatigue properties of micrometer-scale metals reveals that the thinner the foil 
thickness, the lower the fatigue life under strain control regardless of the as-rolled or 
annealed states. The appearance of slip bands at the foil surface and the subsequent 
crack initiation as well as propagation along slip bands and/or at GBs impinged by 
slip bands clearly indicate that basic fatigue damage process still follows the typical 
fatigue extrusion/intrusion-induced mechanism similar to that of the bulk materials. 
Especially, the fact that the typical dislocation structure changes from veins at the 
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lower cyclic strain amplitude, to walls and cells at the higher strain amplitude (Fig. 7) 
supports the above point.  
The observed size effect of the as-rolled foils may be attributed to the ability of 
activation of mobile dislocations in small volumes, which is related to tensile 
plasticity as well as the crack propagation resistance controlled by grain size and/or 
foil thickness. First, compared with the thicker as-rolled foil, dislocations with a high 
density have been produced and stored in the thinner as-rolled foil subjected to much 
more severe plastic deformation. As a result, cyclic plastic strain localization may not 
easily develop in the thinner foil through extensive dislocation motion and interaction. 
Secondly, combining with the size effect on tensile properties of the Cu foils, it is 
believed that the fatigue resistance under strain control is closely related to tensile 
plasticity of the material. As a result, the decrease in fatigue life of the thinner foils 
may be associated with the lower tensile plasticity, as observed in Fig. 3. Thirdly, for 
the thinner as-rolled foils, most of activated slip bands are along one direction shown 
in Fig. 6(a) and the subsequent crack growth cannot be retarded completely by 
elongated GBs due to the existence of the low angle boundaries among the strongly 
textured elongated grains. Thus, the relatively straight crack and its fast growth result 
in the rapid failure of the thinner foils. In contrast, the crack path in the thicker foil is 
in a zigzag mode (see Fig. 6(b)), and slip bands were blocked by GBs. In general, the 
higher fatigue resistance of thicker as-rolled foils could be the result of larger tensile 
plasticity and the development of the zigzag crack path, but that of the thinner foil be 
attributed to the lower plasticity and the sensitivity to slip band-induced notch, which 
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acts as stronger stress concentration and reduces cross-section area. 
For the annealed foils, extensive slip bands within the grains and intergranular 
cracking were frequently observed. A strong interaction between slip bands and GBs 
resulted in high stress concentration at GBs and finally led to cracking along the grain 
boundary. 
Up till now, size effects on fatigue properties have been found in two categories 
of small-scale metals [3, 32], i.e. thin metal films, which are confined by a substrate 
and free-standing metal foils/wires, which are completely not confined. In order to 
further understand fatigue size effects of metals with small geometrical and/or 
microstructural scales, we summarize strain-controlled fatigue life data of all kinds of 
polycrystalline Cu, including coarse-grain(CG) Cu [28], ultra fine-grain(UFG) Cu  
[29, 30], Cu thin films [19] constrained by a substrate, annealed Cu microwires [9, 13] 
as well as the present as-rolled and annealed Cu foils. From a comparison shown in 
Fig. 8, several general trends in the low cycle fatigue (LCF) regime (<10
5
)) 
corresponding to higher applied strain amplitude can be found that, 
(1) The fatigue resistance is evidently different between the materials subjected 
to annealing and cold processing (including rolling and severe plastic deformation 
(SPD)) treatment. The annealed Cu thin films constrained by a substrate [9] exhibit 
the higher fatigue resistance, while the present as-rolled foils and the UFG Cu 
produced by SPD have the lower fatigue resistance. The result is quite obvious if one 
considers that the cold-processed materials are harder but less ductile than the 
annealed materials. This means that the smaller microstructural scale as well as the 
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fewer mobile dislocations would result in the lower plasticity of the material. As a 
result, the fatigue resistance under strain control becomes degraded. This may support 
the fact that the ductility of Cu controls fatigue life in the LCF regime, while the 
strength of Cu determines fatigue life in the high cycle fatigue (HCF) [31]. Obviously, 
the initial dislocation density stored in the material may play a dominant role in 
controlling fatigue damage formation and development. These findings imply that 
even though the strength of a metal can be enhanced by reducing length scales and/or 
by SPD technique, the fatigue resistance similar to plasticity may not always be well 
improved simultaneously. 
(2) Furthermore, it is worth noting that the variation tendency of fatigue 
resistance with length scale (geometrical and microstructural) is different between the 
confined and unconfined metals. The fatigue resistance of the Cu films constrained by 
a substrate increases with the decrease in film thickness from 3.1 to 0.4 m [19], 
while that becomes inversed with the decrease in the foil thickness for the present 
free-standing foils and the decrease in the grain size from CG to UFG. This may result 
from different physical origins for the confined and unconfined small-scale metals 
[1-3, 22]. For the confined metal films, the fatigue size effect mainly comes from the 
strong suppression of the film/substrate interface on dislocation activity and cyclic 
strain localization through the fact that the dislocation structures (walls, cells) and 
typical fatigue extrusions/intrusions gradually disappear in the thinner films [22]. In 
contrast, a fatigue crack in an unconfined polycrystalline metal will preferentially 
initiate from the surface grain where severe fatigue extrusions/intrusions have formed 
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and then develops in the through-thickness direction (TTD) along persistent slip 
bands (PSB) and/or GBs. Thus, fatigue life is a sum of the crack initiation life and 
crack growth life, which are dependent on the volume fracture of the surface grains. 
In view of this, for the unconfined small-scale metal the ratio (Rh/d) of the geometrical 
scale (foil thickness, h) to the microstructural scale (grain size, d) in the TTD is an 
important factor to control the fatigue life, as depicted in Fig. 9. At the micrometer 
scale, Rh/d is far larger than 1 and that would increase with increasing the foil 
thickness (Fig. 9(a) and (b)). The volume fraction of the surface grains in the foil with 
Rh/d>>1 is fairly small, and gradually increases with decreasing Rh/d. Thus, for the 
thicker foil with Rh/d>>1, the fatigue life will predominantly depend on the crack 
growth life. Fatigue resistance would increase with increasing the foil thickness due to 
more GBs being involved in resisting crack growth in the TTD. This can also explain 
the fact that the smaller the microwire diameter, the lower the fatigue resistance [9,13] 
in the HCF regime (>10
5
)) corresponding to the lower strain amplitude shown in inset 
of Fig. 8. 
 
Furthermore, when Rh/d is close to (Fig. 9(c)) or less than 1 (Fig. 9(d)) the 
surface grains occupy the whole volume of the sample and the GBs resisting crack 
growth in the TTD inside the material become fewer, while the role of the surface 
grains becomes crucial. Consequently, the fatigue life depends on the crack initiation 
life rather than the crack growth life. It is expected that the development of cyclic 
strain localization in the surface grain through the formation of fatigue 
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extrusions/intrusions determines the fatigue life. Furthermore, in such a foil with 
Rh/d<1 (Fig. 9(d)), the dislocation image forces, which are very large close to the free 
surface [33] and tend to draw dislocations toward the surface, become more important 
in controlling dislocations to rearrange and escape more easily in the thinner foil. 
Combined with the fact that the glide distance to the free surface is small in the foil, it 
is expected that the typical dislocation structures may form more difficultly and less 
cyclic strain be accumulated. As a result, fatigue resistance of the small-scale metal 
with Rh/d<1 and the length scale less than a micrometer would be enhanced. The 
fatigue size effect would be inversed to that of the micrometer-scale metal with 
Rh/d>>1 found here. Such a mechanism is likely to be similar to the dislocation source 
controlled mechanism found in micro/nano-scale pillars subjected to monotonic 
loading [26]. Nonetheless, a further investigation of fatigue behavior of an unconfined 
metal at small scales less than micrometers is still needed. 
 
5. Conclusions 
The systematic investigation of mechanical properties and surface damage in Cu 
foils with different thicknesses and states has shown size effects. The results can be 
summarized as follows. 
(1) With decreasing foil thickness the uniform elongation decreases for both 
as-rolled and annealed foils, while the yield strength and ultimate tensile strength 
increase for as-rolled foils, but those decrease for the annealed foils.  
(2) Regardless of as-rolled or annealed foils, bending fatigue resistance 
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decreases with decreasing foil thickness. Fatigue resistance of annealed foils is much 
larger than that of as-rolled foils under strain control.  
(3) A comparison of fatigue strength of various small-scale Cu foils indicates 
that there is a competition relation between crack initiation resistance and crack 
growth resistance. For the larger Rf/d, the crack growth resistance controls fatigue life, 
while for the smaller Rf/d fatigue crack initiation is an important factor to control 
fatigue life. It is expected that dislocation source-controlled crack initiation resistance 
may result in the inversed tendency of fatigue size effects of the unconfined metal 
foils with Rh/d <1 and the foil thickness less than one micrometer. 
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Figures captions 
Fig. 1 (a) Schematic illustration of a home-made experimental set-up for dynamic 
bending fatigue test of thin metal foils; (b) the variation of relative electric resistance 
with fatigue cycles measured by a digital multimeter. 
 
Fig. 2 EBSD maps and the polar figures of (a) as-rolled 190 μm and (b) annealed 100 
μm. 
 
Fig. 3 Strength and uniform elongation of (a) as-rolled, (b) annealed and (c) as-rolled 
thinned from 190 μm Cu foils as a function of foil thickness. 
 
Fig. 4 SEM images of surface morphologies of tensile deformed as-rolled Cu foils 
with thickness of (a) 20 μm, (b) 190 μm, and annealed Cu foils with thickness of (c) 
50μm, (d) 190 μm. 
 
Fig. 5 Fatigue life versus applied strain amplitude of (a) as-rolled and (b) annealed Cu 
foils with different thicknesses. 
 
Fig. 6 SEM observations of fatigue damage at the foil surface close to fracture zone of 
(a) 50 μm-thick and (b) 190 μm-thick as-rolled Cu foils, (c) 50 μm-thick,and (d) 190 
μm-thick annealed Cu foils.  
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Fig. 7 Dislocation microstructure evolution along the beam, (a) cell structure, (b) wall 
structure and (c) veil structure in the annealed Cu foil. 
 
Fig. 8 A comparison of fatigue life between present study and that reported in 
literatures [9,13,19, 28-30] under total strain control. 
 
Fig. 9 Schematic illustration of the ratio (Rh/d) of the foil thickness (h) to the grain size 
(h); (a) Rh/d >>1, (b) Rh/d >1, (c) Rh/d 1~2, (d) Rh/d <1. 
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